Liver methiomne adenosyltransferase (MAT) plays a critical role in the metabolism of methionine converting this amino acid, in the presence of ATP, into S-adenosylmethionine.
this amino acid, in the presence of ATP, into S-adenosylmethionine.
Here we report that hydrogen peroxide (H202), via generation of hydroxyl radical, inactivates liver MAT by reversibly and covalently oxidizing an enzyme site. In vitro studies using pure liver recombinant enzyme and mutants of MAT, where each of the 10 cysteine residues of the enzyme subunit were individually changed to serine by site-directed mutagenesis, identified cysteine 121 as the site of molecular interaction between H202 and liver MAT. Cysteine 121 is specific to the hepatic enzyme and is localized at a "flexible loop" over the active site cleft of MAT. In vivo studies, using wildtype Chinese hamster ovary (CHO) cells 
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The FASEB Journal SANCHEZ-GONGORA ET AL. about 0.5 g of cells obtained from 150 ml cultures were resuspended in 10 ml lysis buffer (10 mM Tris, pH 7.5, 10 mM MgSO4, 1 mM EDTA, 0.1% 2-mercaptoethanol, 0.1 mM PMSF, and 0.5 mg/ml lysozyme), incubated at 4#{176}C for 30 mm, and then sonicated (four cycles of 20 s pulses at 20% power output). After centrifugation, the supernatants were loaded in 2 ml bed volume phenyl-Sepharose CL-4B columns. The flowthrough fractions (which contain a small amount of endogenous bacterial enzyme) were discarded, the columns were washed with 20 ml of 10 mM Hepes, pH 7.1, 1 mM EDTA, and the recombinant enzymes were eluted with 10 ml of 40% dimethyl sulfoxide (DMSO) in buffer A (10mM Hepes, pH 7.0, 1 mM EDTA, and 10mM MgSO4). To eliminate DMSO, these fractions were loaded on 2 ml bed volume DEAE-Sephacel columns, thoroughly washed with 30 ml of buffer A, and the proteins were eluted with 2-4 ml of 200 mM KC1 in buffer A. The protein concentrations were adjusted to 0.15 mg/mI. Under these conditions the yield is approximately 0.5 mg of a mixture of MAT I and MAT III, with a purity greater than 90% (31, 32). Purified enzymes were then incubated for 10 mm at 37#{176}C in the presence or absence of 1 mM H202 and then the enzymatic activity was measured as described above in the absence of any reducing agent.
MATERIALS AND METHODS

Materials
Stable expression of a rat liver MAT mutant in CHO cells
The construction of the MAT mutant cDNA where cysteine 121 is substituted by serine by site-directed mutagenesis has been described previously (31). This mutant eDNA was subcloned into the SalI/BamHI sites of the eukaryotic expression vector pMEX-neo.
The resulting construct was designated pMEX-SSRL-121.
The preparation and selection of stable transfectants of CHO were carried out as previously described (27 the enzyme activity after mixing purified rat liver MAT I or MAT III with various concentrations of H202. As seen in Fig. 1, H202 produces a concentration-dependent inactivation of both oligomeric forms of liver MAT, with similar IC0 values of 160 l.IM. The results shown in Fig. 1 To determine whether the effect of H202 on liver MAT activity was reversible, we added GSH to a preparation of pure rat liver MAT I or MAT III that had been inactivated by preincubation with 1 mM H202 for 10 mm. As seen in Fig. 2 , GSH reverses the inactivation of both oligomeric forms of liver MAT by
H202.
These results indicate that H202 is reversibly and covalently oxidizing an enzyme site. Whereas the addition of 3 mM GSH is enough to reverse entirely the inactivation of MAT III by H202, the concentration of GSH required to completely reactivate MAT I after H202 inactivation is 25 mM (Fig. 2) . The oligomeric state of both forms of liver MAT is not affected during inactivation by H202 or reactivation with GSH (not shown).
In mammalian liver, the intracellular GSH concentration is 5-10 mM and decreases to 1 mM as a consequence of oxidative stress (38 Fig. 1 for the two liver isoforms (not shown).
As seen in Fig.  3, substitution of cysteine 121 by a serine residue (referred to as CI21S) completely prevented the ability of H202 to inactivate liver MAT. In contrast, none of the other MAT recombinant enzymes, where each of the remaining nine cysteine residues had been individually substituted by serine, were resistant to H202 inactivation (Fig. 3) . These data suggest that H202 inactivates liver MAT by specifically interacting with one single residue of cysteine at position 121. Several mutant enzymes, especially those where cysteine 69 or cysteine 105 had been substituted by a serine residue (referred to as C69S and C1O5S, respectively), enhance the ability of H202 to inactivate liver MAT (Fig. 3) . The crystal structure of E. coli MAT has recently been determined (35, 36) . Because E. coli and rat liver MAT share an amino acid sequence identity of about 52% (20, 23), it is possible to obtain a model structure for rat liver MAT by using the data available for the E. coli enzyme. As seen in Fig. 4 , cysteine 121 is localized at a "flexible loop" over the active site cleft of MAT (35, 36). Cysteine 121 is not essential for activity, since the substitution of this amino acid residue for serine has no significant effect on MAT activity (31). These data suggest that H202 induces a conformational change in the "flexible loop" of liver MAT concomitant upon oxidation of cysteine 121, leading to reduced enzyme activity. It will be interesting to know whether free radicals modulate the activity of other enzymes containing a cysteine residue at a "flexible loop."
In vivo studies
Cysteine 121 is typical of the rat, mouse, and human liver-specific enzymes but is not present in any of the other known sequences of MAT, including rat and human MAT II, E. coli, yeast, or Drosophila (31). A residue of glycine instead of a cysteine residue is present in all other available sequences at this position. This agrees with previous data showing that MAT II, the enzyme expressed in extrahepatic tissues and in fetal liver, is resistant to inactivation by sulfhydryl group reagents (13, 14). Consequently, we found that in wt CHO cells, H202 has no effect on MAT activity, whereas CHO cells stably expressing hepatic MAT (ST-C CHO cells) respond to this agent by markedly reducing MAT activity (Fig. 5A) . The effect of H202 on MAT activity in the ST-C CHO cells is time dependent. Within 20 mm after the addition of the oxidative agent, MAT activity is reduced to the value of the wild-type cells (Fig. 5A) . This effect is not the consequence of an increased degradation or release of hepatic MAT, because no changes were detected in the levels of this enzyme as determined by Western blotting (Fig. 5B ). This agrees with our previous finding that significant cell lysis in ST-C CHO cells was observed after incubation with 10 mM H202 for periods of time longer than 60 mm (27). In CHO cells stably expressing a hepatic MAT mutant, where cysteine 121 has been substituted by serine (ST-121A CHO cells), H202 has no effect on MAT activity (Fig. 5A) . These data indicate that H202 exclusively inactivates the enzyme of liver origin in ST-C CHO cells by specifically interacting with one single residue of cysteine at position 121. The effect of H202 on liver MAT could be mediated by hydroxyl radical. Therefore, we examined whether desferrioxamine, a powerful chelator of Fe2 that inhibits in vivo the formation of hydroxyl radicals by the Fenton reaction (3), could suppress the effect of H202 on liver MAT activity. In wt CHO and ST-C CHO cells, preincubation with desferrioxamine has no effect on MAT activity but suppresses completely the ability of H202 to inactivate MAT in ST-C CHO cells (Fig. 6 ). 
DISCUSSION
